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Abstract
The relationships between nutrition, metabolic response, early growth and later body weight
have been investigated in human studies. The aim of this follow-up study was to assess the
long-term effect of infant feeding on growth and to study whether the infant metabolome at
the age of 4 months might predict anthropometry at 4 years of age. The Belgrade-Munich
infant milk trial (BeMIM) was a randomized controlled trial in which healthy term infants
received either a protein-reduced infant formula (1.89 g protein/100 kcal) containing alpha-
lactalbumin enriched whey and long-chain polyunsaturated fatty acids (LC-PUFA), or a
standard formula (2.2 g protein/100 kcal) without LC-PUFA, focusing on safety and suitabil-
ity. Non-randomized breastfed infants were used as a reference group. Of the 259 infants
that completed the BeMIM study at the age of 4 months (anthropometry assessment and
blood sampling), 187 children participated in a follow-up visit at 4 years of age. Anthropome-
try including weight, standing height, head circumference, and percent body fat was deter-
mined using skinfolds (triceps, subscapular) and bioelectrical impedance analysis. Plasma
metabolite concentration, collected in samples at the age of 4 months, was measured using
flow-injection tandem mass spectrometry. A linear regression model was applied to estimate
the associations between each metabolite and growth with metabolites as an independent
variable. At 4 years of age, there were no significant group differences in anthropometry and
body composition between formula groups. Six metabolites (Asn, Lys, Met, Phe, Trp, Tyr)
measured at 4 months of age were significantly associated with changes in weight-for-age
z-score between 1 to 4 months of age and BMI-for-age z-score (Tyr only), after adjustment
for feeding group. No correlation was found between measured metabolites and long-term
growth (up to 4 years of age). No long-term effects of early growth patterns were shown on
anthropometry at 4 years of age. The composition of infant formula influences the metabolic
profile and early growth, while long-term programming effects were not observed in this
study.
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Introduction
Associations between infant feeding, growth velocities and later life outcomes are known
[1,2,3,4]. Rapid weight gain during the first two years of life is associated with an increased risk
of obesity later in life, as documented in several studies [2,3,4]. The rate of weight gain in the
first two years of life can effectively be modulated by feeding choices during infancy [5]. For
example, high protein intake during infancy is linked to an increased risk of rapid early growth
as well as later obesity [1,6].
Results of a multicenter, double-blind, randomized clinical trial (European childhood obe-
sity project), in which infants received either a formula with a higher protein content or a
reduced protein content during the first year of life [7], show the correlation between high
early protein intake, enhanced early and long-term body weight, and associated metabolic pat-
terns. Programming effects of increased levels of amino acids in plasma and tissue [7] and pos-
sible correlation with an increased adipogenic activity [8] have been proposed. A saturation of
the branched-chain amino acid degradation pathway was observed with a high protein intake
during infancy [9]. The European childhood obesity project has indicated that lyso-phosphati-
dylcholine C14:0 in serum of 6 month old infants is associated with weight gain during infancy
and childhood, but the underlying mechanisms are not fully understood [10].
While the influence of protein quantity during early life on later outcomes is reported in
several studies, the influence of protein quality on longitudinal changes in body composition is
less clear.
The Belgrade-Munich infant milk (BeMIM) trial is a randomized controlled trial that
aimed to assess the suitability of a protein-reduced infant formula containing alpha-lactalbu-
min enriched whey and long-chain polyunsaturated fatty acids (LC-PUFA). The primary eval-
uation (safety and suitability) of the trial focused on growth velocities, adverse events, markers
of fatty acids and protein status in infants up to an age of 4 months. The aim of the follow-up
(FU) study, presented here, was to examine the influence of the protein intake between the
ages of 1–4 months on anthropometry and body composition at the age of 4 years and to inves-
tigate the relationship between nutrition, early growth, long-term growth and metabolic
effects. In addition, it was investigated whether the infant metabolome at the age of 4 months
might predict anthropometry at 4 years of age (long-term growth) or may explain short-term
growth until 4 months of age.
Materials and methods
Study design and protocol
Children included in the BeMIM study, a randomized, double-blind, controlled infant feeding
trial with parallel design [11], were invited to participate in the follow-up (FU) visit at 4 years
of age. In the BeMIM trial, healthy term infants received either a control infant formula (CF,
2.2 g protein/100 kcal) or an intervention infant formula with a lower protein content (IF, 1.89
g protein/100 kcal), but a higher proportional content of alpha-lactalbumin enriched whey,
and added LC-PUFA. Both formulae had identical whey/casein ratios of 60/40 and energy con-
tents of 67 kcal/100 mL and were provided to infants until the age of 4 months (intervention
period).
Of 213 formula-fed infants that were enrolled during the first month of their life, 167
infants (IF n = 85, CF n = 82) completed the intervention study at 4 months and formed the
intention-to-treat population (per protocol: IF n = 46, CF n = 35) [11]. Non- randomized
breastfed infants (BF, n = 185) were enrolled as a reference group. A total of 92 BF infants
completed the study at 4 months (per protocol: BF n = 54). Children (n = 259) who had
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completed the trial were invited to participate in the FU study at 4 years of age. The study pro-
tocol was approved by the Clinical Center Serbia Ethical Committee, and parents provided
their informed consent. The trial was registered at ClinicalTrials.gov (NCT01094080) on Feb-
ruary 1, 2010.
Anthropometry including weight, height, head circumference and skinfold measurements
(triceps, subscapular) as well as bioelectrical impedance analysis (BIA) were performed by
trained study personnel at 4 years of age. The infants’ medical history between 4 months and 4
years of age was assessed based on hospital and parental reports. Weight was determined using
a Seca 711 scale (Seca, Hamburg, Germany) equipped with a measuring rod (Seca 220) for
measuring height. Head circumference was measured using a tape measure (Seca 212). All
measurements were performed in duplicate and documented with an accuracy of 10 g for
weight and 0.1 cm for length and head circumference. The equipment was checked every two
months using a calibrated weight of 5.00 kg to ensure accuracy of measurements. There was
never a deviation of more than 10 g. Z-scores for age were calculated using anthropometric
results relative to WHO growth standards [12].
Triceps and subscapular skinfolds were measured using a Holtain caliper (Holtain Ltd, Cry-
mych, UK) at the left body axis. All measurements were performed in triplicate and docu-
mented with an accuracy of 0.2 mm. Body fat percentage was calculated via predictive skinfold
equations according to Slaughter et al. 1988 [13]. Bioelectrical impedance analysis was per-
formed in duplicate using a BF 906 Body Fat Analyzer (Maltron, Rayleigh, United Kingdom)
and resting in a supine position by placing 2 electrodes at standardized points on the right
hand and 2 electrodes on the right foot.
Laboratory analyses
At 4 months of age, venous blood samples were drawn>2 hrs after the last feed. Plasma ali-
quots were stored at -80˚C, then transported on dry ice to the Dr. von Hauner Children’s Hos-
pital (Munich, Germany) where the analyses of phospholipids and acyl-carnitines using flow-
injection mass spectrometry according to Uhl et al. 2016 were performed [14]. Plasma amino
acid concentrations have been presented before [11,15].
Analytical quality (intra- and inter-batch variation) was evaluated based on the coefficients
of variation obtained from repeated analysis of aliquots of two standard plasma samples.
Statistical analysis
Statistical analyses were performed using Stata1/MP 11.0 (StataCorp LP, College Station, TX,
USA). A Pearson’s chi-square test was used for statistical comparison of categorical data.
Analyses on anthropometry and body composition at 4 years of age, as well as growth from
birth until 4 years of age, are presented as mean ± standard deviation. Student’s t-test was used
for normally distributed continuous variables to estimate the effect of formula type on anthro-
pometric outcome. Linear regression models were applied to estimate the effect of formula
type on anthropometric outcome, including children’s age, the respective baseline value at 30
days of age (if available), gender, maternal age and maternal smoking status as adjusted vari-
ables. Effect sizes are presented as coefficient and 95% confidence intervals. Significance was
accepted at p<0.05.
Metabolomic analyses (carnitine and carnitine ester concentrations) at 4 months of age are
presented as medians and interquartile ranges (IQR, 25th and 75th percentile). The Kruskal-
Wallis rank test was used for abnormally distributed continuous variables. Linear regression
models were applied to estimate the associations between each metabolite and WHO-stan-
dardized weight/length/weight-for-length/BMI between birth and 4 years of age, with
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metabolites as independent variables. Due to the analysis of 129 metabolites, Bonferroni-cor-
rected p-values (0.05/129 = 0.00038) were used for significance evaluation. All analyses were
repeated with adjustment for feeding group.
Anthropometry outcomes at 4 years of age were analyzed for intention-to-treat and per-proto-
col populations. The intention-to-treat analysis included all randomized subjects that received
study formula during the intervention period. The per-protocol analysis included only data from
subjects complying with predefined conditions during the intervention period: no intake of for-
mula other than study formula, a maximum daily intake of 50 ml tea and less than 3 spoons of
complementary food per week. Missing data at individual time points were not replaced.
Results
Population
A total of 259 children (IF: 85, CF: 82, BF: 92 infants) that completed the BeMIM study at 4
months of age were invited to participate in the FU visit. Out of this original study population, 60
children could not be located (IF: 16, CF: 20, BF: 24 infants), and twelve parents (IF: 4, CF: 3, BF:
5 infants) declined the invitation to participate (Fig 1), resulting in a distribution of 65 children in
the IF, 59 in the CF and 63 in the BF group who completed the FU study. A total of 42 children in
the IF, 25 in the CF and 40 in the BF group were part of the per-protocol population in the FU
study. The FU study took place between 21.01.2014 and 08.04.2015. Numbers of drop-outs from
the original study population and the reasons for dropping-out did not differ between groups.
The characteristics of the study population are shown in S1 Table. There were no differ-
ences between formula groups at 4 years of age. Breastfed children differed from formula-fed
children in terms of maternal educational status, which is consistent with observations at base-
line (age 1 month). The mean age at follow-up was 3.95 ± 0.03 years, with no difference
between randomized formula groups.
Fig 1. CONSORT chart: Numbers of participants for randomization, allocation, follow-up and analysis.  Of which 3 infants were excluded from analyses.
https://doi.org/10.1371/journal.pone.0199859.g001
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Furthermore, the study population at 4 years of age differed slightly from the original study
population with respect to age of mothers at delivery and percentage of mothers smoking dur-
ing pregnancy. The age of mothers at delivery was significantly higher in families that partici-
pated in the FU study than in those who did not (31.6 vs. 29.4 years, p = 0.003). The
percentage of mothers who smoked during pregnancy was lower in FU participants than in
non-participants (21% vs. 35%, p = 0.03). No differences were observed with respect to mater-
nal educational status or parental body mass index (BMI).
Growth, z-scores and body composition of children up to 4 years of age
Infant growth in the interventional study up to the age of 4 months was published in Fledder-
mann et al. [11]. Fig 2 presents z-scores (weight-for-age, length-for-age, BMI-for-age, weight-
for-length) between 1 month and 4 years of age of children participating in the FU visit. The
increase in weight and length z-scores between 1 and 4 months of age was higher for IF than
for CF infants (Table 1), while the increase of BMI z-scores did not differ. After 4 months of
age a significantly lower increase in z-scores (for weight and length) was observed in the IF
compared to the CF group. The adjustment for confounders had no effect on group difference
of change of z-score during the first 4 years of life.
At 4 years of age, there were no significant differences in anthropometry and body compo-
sition parameters between groups in intention-to-treat (Table 2) and per-protocol population
(S2 Table). Adjustment for gender and confounders did not change this finding.
BMI was positively related to the percentage of body fat estimated by BIA or skinfolds,
while there was a stronger correlation for skinfolds (R = 0.62, p<0.001) than for BIA (R = 0.36,
p< 0.001). Body fat percentage estimates obtained by both methods correlated well (R = 0.50,
p<0.001).
Serious illnesses
The incidence of serious illnesses (any hospitalisation up to 4 years of age) was comparable
between all groups (p = 0.25). No serious illness was observed in the IF group, while 3 children
in the CF group (two children with infections, one child with mental disorder) and 2 children
in the BF group (one child with infection, one child with hypothyroidism) developed one seri-
ous illness. Additionally, one child in the CF group developed two serious illnesses (cryptor-
chidism and arteria pulmonalis stenosis). We found no indications for a causal role of the
study formula being responsible for any of these adverse events.
Plasma acyl-carnitines and branched-chain amino acids
A total of 250 plasma samples of infants aged 4 months (IF: 80, CF: 79, BF: 91) were analyzed
to investigate 59 different carnitine esters and 425 phospholipids. Fourteen carnitine esters
had intra-batch and inter-batch coefficients variation of less than 30% and thus were consid-
ered for further statistical analysis. Absolute concentrations of phospholipids, sphingomyelins
[14] and of plasma amino acids [11] have been published previously.
Four acyl-carnitines showed statistically significant group differences (Table 3). Acyl-carni-
tine C8:1, C12:0 and C14:0 were significantly higher in the IF group compared to the CF
group, while acyl-carnitine C3:0 was significantly lower in the IF compared to CF infants.
Metabolites in relation to growth
To identify predictors of later anthropometry measures, associations between metabolites and
absolute anthropometric outcome at 4 months or 4 years of age or between metabolites and
Formula intake during infancy and anthropometry at 4 years
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Fig 2. Mean z-scores for weight, length, BMI and weight-for-length in the intervention, control and breastfed
groups from 1 month to 4 years of age of the intention-to-treat population (follow-up children only).
https://doi.org/10.1371/journal.pone.0199859.g002
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growth (change in z-score between 1 month and 4 months or 4 months and 4 years) were per-
formed using linear regression and Bonferroni-corrected p-values of p<0.00038.
The analyses on the infant metabolome at the age of 4 months and prediction of anthro-
pometry up to 4 years of age showed no association between metabolites and long-term
growth (absolute anthropometric parameter at 4 years of age and change in growth between 4
months and 4 years of age).
Short-term growth up to 4 months of age indicated no association between metabolites and
absolute anthropometric outcome at 4 months of age. Furthermore, no correlation was found
between metabolites and the change in length-for-age or weight-for-length z-scores between 1
month and 4 months of age. However, a correlation was found between metabolites and
change in weight-for-age and BMI-for-age z-score during the same time period (Table 4) A
total of 12 metabolites (8 amino acids, free carnitine, 3 phosphatidylcholines) showed sig-
nificant correlation with change in weight-for-age and BMI-for-age z-score from 1 to 4
months of age (Table 4). Including feeding group as adjusted variable, 6 metabolites remained
significantly associated with the change in weight-for-age z-score (Asn, Lys, Met, Phe, Trp,
Tyr) and BMI-for-age z-score (Tyr only).
Only the association between change in weight between 1 and 4 months of age and Trp or
Tyr indicating a significant p-value met the Bonferroni-corrected p-value threshold when
additional adjustments for baseline weight-for-age z-score/BMI-for-age z-score and smoking
status during pregnancy were done in metabolites identified in Table 4.
Table 1. Change of z-scores during the first 4 years.
Formula group Estimated difference between IF and CF 1 Breastfed group
Intervention Control
n Mean ± SD N Mean ± SD n Mean ± SD
Change in z-score from 1 month to 4 months–all infants
WAZ 82 0.51 ± 0.68 82 0.29 ± 0.77 0.21 (-0.01,0.42);p = 0.06 92 0.08 ± 0.75
LAZ 82 0.34 ± 0.72 82 0.05 ± 0.77 0.21 (0.003,0.42);p = 0.047 92 -0.07 ± 0.78
BMIZ 82 0.48 ± 0.94 82 0.38 ± 0.99 0.14 (-0.13,0.41);p = 0.32 92 0.17 ± 1.05
WLZ 82 0.66 ± 1.15 82 0.70 ± 1.07 0.11 (-0.17,0.36);p = 0.44 92 0.61 ± 1.17
Change in z-score from 1 month to 4 months–follow-up children only
WAZ 65 0.50 ± 0.62 59 0.23 ± 0.76 0.29 (0.06,0.52);p = 0.01 63 0.05 ± 0.69
LAZ 65 0.36 ± 0.73 59 0.07 ± 0.81 0.25 (0.01,0.48);p = 0.04 63 -0.15 ± 0.76
BMIZ 65 0.45 ± 0.86 59 0.30 ± 0.98 0.23 (-0.07,0.52);p = 0.13 63 0.19 ± 0.99
WLZ 65 0.65 ± 1.06 59 0.58 ± 1.10 0.22 (-0.09,0.53);p = 0.16 63 0.65 ± 1.11
Change in z-score from 4 months to 4 years
WAZ 65 0.34 ± 0.84 59 0.72 ± 0.66 -0.37 (-0.64,-0.10);p = 0.007 63 0.63 ± 0.80
LAZ 65 0.40 ± 0.92 59 0.72 ± 0.85 -0.33 (-0.65,-0.02);p = 0.04 63 0.37 ± 0.85
BMIZ 65 0.08 ± 1.16 59 0.34 ± 0.82 -0.26 (-0.62,0.11);p = 0.17 63 0.51 ± 0.98
WLZ 65 0.08 ± 1.17 59 0.33 ± 0.84 -0.25 (-0.62,0.12);p = 0.18 63 0.53 ± 0.98
Change in z-score from 1 month to 4 years
WAZ 65 0.84 ± 0.96 59 0.95 ± 1.05 -0.08 (-0.40,0.25);p = 0.64 63 0.68 ± 0.88
LAZ 65 0.76 ± 1.09 59 0.80 ± 1.07 -0.09 (-0.42,0.25);p = 0.61 63 0.22 ± 0.97
BMIZ 65 0.52 ± 1.10 59 0.64 ± 1.11 -0.03 (-0.39,0.33);p = 0.88 63 0.70 ± 1.22
WLZ 65 0.73 ± 1.19 59 0.91 ± 1.16 -0.03 (-0.38,0.32);p = 0.87 63 1.18 ± 1.35
WAZ, weight-for-age z-score; LAZ, length-for-age z-score; BMIZ, BMI-for-age z-score; WLZ, weight-for-length z-score; IF, intervention formula; CF, control formula.
Data presented as mean ± standard deviation. Significant differences (Student’s t-test, p<0.05).
1 Derived from linear regression adjusted for baseline value at the age of 1 month (if applicable) and gender, 95% confidence interval in parentheses.
https://doi.org/10.1371/journal.pone.0199859.t001
Formula intake during infancy and anthropometry at 4 years
PLOS ONE | https://doi.org/10.1371/journal.pone.0199859 July 5, 2018 7 / 14
Discussion
The short-term evaluation of an intervention formula with a lower protein content, containing
alpha-lactalbumin enriched whey and LC-PUFA, showed differential growth effects compared
to a normal protein control formula up to the age of 4 months [11]. In contrast, no group dif-
ference was detected at the age of 4 years.
Anthropometry at 4 years and comparison to other studies
A high rate of 72.2% of children from the main study participated in the FU study with a sig-
nificantly higher percentage of children originating from the per-protocol than the intention-
to-treat population (p = 0.02). The obesity rate of 6.95% is comparable to that reported in
another Serbian study [16]. The identified correlation between BIA and skinfold measurement
was similar to Orta et al. (2014) in children aged 9.5 years (R = 0.74, p<0.001) [17]. The cur-
rent evidence concerning the effect of protein intake during infancy on long-term body com-
position outcome is not clear [18].
Children previously fed IF showed adequate growth up to 4 years of age that was not differ-
ent from growth compared to the other study group. While the average growth rate (change in
Table 2. Anthropometry and body composition at 4 years of age (intention-to-treat population).
Formula group Estimated difference between IF and CF 2 Breastfed group
Intervention Control
n Mean ± SD n Mean ± SD n Mean ± SD
Weight
(kg) 65 17.7 ± 2.45 59 17.9 ± 2.31 -0.15 (-0.96,0.66);p = 0.72 63 17.9 ± 2.29
(z-score) 65 0.57 ± 1.00 59 0.64 ± 0.94 -0.08 (-0.41,0.25);p = 0.65 63 0.65 ± 0.91
Height
(cm) 65 108 ± 4.45 59 108 ± 4.45 -0.31 (-1.76,1.13);p = 0.67 63 108 ± 1.05
(z-score) 65 1.11 ± 1.05 59 1.25 ± 1.05 -0.07 (-0.42,0.27);p = 0.67 63 1.05 ± 0.94
Head
(cm) 65 51.2 ± 1.61 59 51.2 ± 1.33 0.03 (-0.41,0.47);p = 0.89 63 51.3 ± 1.22
BMI
(kg/m2) 65 15.2 ± 1.66 59 15.2 ± 1.22 0.07 (-0.46,0.60);p = 0.80 63 15.4 ± 1.56
(z-score) 65 -0.14 ± 1.15 59 -0.16 ± 0.91 -0.04 (-0.40,0.33);p = 0.85 63 0.02 ± 1.12
Weight-for-height
(z-score) 65 -0.16 ± 1.12 59 -0.19 ± 0.87 -0.03 (-0.39,0.33);p = 0.86 63 0.01 ± 1.08
BIA measurement
Body fat (kg) 65 2.21 ± 1.33 59 2.07 ± 1.12 0.15 (-0.29,0.58);p = 0.51 62 2.26 ± 1.33
Lean mass (kg) 65 15.5 ± 2.19 59 15.8 ± 2.05 -0.23 (-0.99,0.54);p = 0.56 62 15.7 ± 1.82
Body fat from BIA (%) 65 12.3 ± 6.52 59 11.5 ± 5.56 0.84 (-1.31,2.98);p = 0.44 62 12.3 ± 5.77
Skinfolds
Triceps (mm) 64 9.51 ± 2.58 59 9.14 ± 2.25 0.35 (-0.48,1.18);p = 0.41 63 9.48 ± 2.46
Subscapular (mm) 64 6.16 ± 2.12 59 6.01 ± 1.75 0.15 (-0.54,0.83);p = 0.67 63 6.26 ± 2.19
Body fat from skinfolds (%) 1 64 15.0 ± 3.73 59 14.6 ± 3.19 0.43 (-0.76,1.63);p = 0.48 63 15.1 ± 3.64
IF, intervention formula; CF, control formula; BIA, bioelectrical impedance analysis; BMI, body mass index. Data presented as mean ± standard deviation. Significant
differences (Student’s t-test, p<0.05)
1 Slaughter et al. 1988 [13].
2 Derived from linear regression adjusted for baseline value at the age of 1 month (if applicable), gender, age at visit, maternal age and maternal smoking status, 95%
confidence interval in parentheses.
https://doi.org/10.1371/journal.pone.0199859.t002
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weight-for-age, length-for-age z-score) during the first 4 months (intervention period) was
higher in IF compared to CF infants (discussion see [11]), the growth of IF children slowed
down compared to CF children between 4 months and 4 years of age (FU period) suggesting a
catch-down growth effect. Furthermore, change in BMI did not differ during the intervention
and FU period indicating a proportionally higher growth of weight and length in IF infants.
Interestingly, Putet et al. [19] compared infants fed with a standard formula (2.7 g protein/100
kcal) to those receiving a low-protein formula (1.8 g protein/100 kcal) and found no impact on
growth velocities during the first year of life, anthropometry at 4 years of age (expressed as
z-scores) and body composition at 3 or 5 years of age [19]. Also the IGF-I concentrations
(marker linking effects of nutrition to growth in infants) at 4 and 9 months of age, did not dif-
fer between the formula groups [19]. Putet et al. speculated that the difference in protein con-
tents of study formulae may have been too small to find a difference in plasma IGF-I
concentration and related growth [19].
Acyl-carnitines as degradation products of branched-chain amino acids
Group differences in acyl-carnitine concentrations in our study may be explained by a compo-
sitional difference in the study formulae (S3 Table). The higher plasma content of acyl-carni-
tine C3.0 in infants receiving the standard formula may be a result of the higher amino acid
Table 3. Median (interquartile range, IQR) carnitine and carnitine ester concentrations (μmol/L) of infants in the intervention, control and breastfed group at the
age of 4 months of the intention-to-treat population.
Formula Group p (Intervention vs. Control) Breastfed
Intervention Control
n Median IQR n Median IQR n Median IQR
Free carnitine 80 48.9 42.8 53.3 79 50.7 42.0 55.8 0.41 91 44.0 40.2 50.1
Total acyl-carnitines 80 10.3 9.52 11.6 79 10.2 8.77 11.1 0.11 91 10.2 8.67 11.5
Short-chain acyl-carnitines (<C5) 80 9.04 8.11 10.2 79 8.93 7.86 9.78 0.35 91 9.18 7.69 10.2
Carn.a.C2.0 80 8.04 7.20 9.42 79 7.83 6.65 8.59 0.13 91 8.47 6.98 9.36
Carn.a.C3.0 80 0.68 0.59 0.80 79 0.79 0.69 0.90 0.0002 91 0.62 0.47 0.74
Carn.a.C4.0 80 0.25 0.20 0.28 79 0.25 0.22 0.32 0.42 91 0.19 0.14 0.24
Carn.a.C8.1 80 0.73 0.41 0.91 79 0.42 0.31 0.52 <0.0001 91 0.14 0.09 0.23
Long-chain acyl-carnitines (C10) 80 0.78 0.63 0.98 79 0.77 0.68 0.93 0.89 91 0.78 0.69 0.99
Carn.a.C10.1 80 0.21 0.16 0.27 79 0.24 0.19 0.31 0.01 91 0.22 0.17 0.31
Carn.a.C12.0 80 0.11 0.08 0.16 79 0.09 0.06 0.11 0.0002 91 0.10 0.08 0.16
Carn.a.C14.0 80 0.03 0.02 0.04 79 0.02 0.01 0.03 0.0004 91 0.04 0.03 0.05
Carn.a.C14.1 80 0.12 0.10 0.14 79 0.12 0.10 0.15 0.85 91 0.12 0.10 0.14
Carn.a.C14.2 80 0.03 0.02 0.04 79 0.03 0.02 0.04 0.48 91 0.04 0.03 0.05
Carn.a.C16.0 80 0.10 0.08 0.12 79 0.09 0.08 0.10 0.05 91 0.09 0.07 0.11
Carn.a.C16.1 80 0.02 0.01 0.03 79 0.02 0.01 0.02 0.47 91 0.02 0.02 0.03
Carn.a.C18.0 80 0.03 0.03 0.04 79 0.03 0.02 0.04 0.15 91 0.04 0.03 0.05
Carn.a.C18.1 80 0.12 0.09 0.14 79 0.11 0.10 0.13 0.85 91 0.10 0.08 0.12
Carn.a.C2.0/total acyl-carnitines 80 0.76 0.75 0.79 79 0.77 0.75 0.78 0.58 91 0.82 0.79 0.84
Long-chain acyl-carnitines/total acyl-carnitine 80 0.08 0.06 0.09 79 0.08 0.07 0.09 0.38 91 0.08 0.07 0.10
Carn.a.C2.0/free carnitine 80 0.16 0.14 0.19 79 0.15 0.13 0.19 0.05 91 0.18 0.16 0.22
Long-chain acyl-carnitines/free carnitine 80 0.02 0.01 0.02 79 0.02 0.01 0.02 0.36 91 0.02 0.01 0.02
Data are presented as medians and interquartile ranges. P-values were computed with the use of the Kruskal-Wallis rank test (Bonferroni-corrected p-value of
p<0.00038). Acyl-carnitines with a chain lengthC10 are defined as long-chain acyl-carnitines, and with a chain length <C5 as short-chain acyl-carnitines.
https://doi.org/10.1371/journal.pone.0199859.t003
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content in this formula. Furthermore, the higher contents of acyl-carnitine C8.1, C12.0 and
14.0 in infants receiving the IF might be related to its higher content of medium-chain fatty
acids. Similar observations were reported in the study by Bene et al., in which plasma concen-
trations of medium-chain acyl-carnitines were related to the formula content of medium-
chain triglycerides [20].
Branched-chain amino acids are preferentially oxidized in muscle [21]. In infants aged 6
months, the catabolism of branched-chain amino acids to its respective degradation products
follows saturation kinetics, which at very high plasma branched-chain amino acid concentra-
tion might result in adverse regulatory effects [9]. Inhibiting effects on the beta-oxidation of
fatty acids might increase body fat storage [9]. However, the amino acid and carnitine ester
concentrations found in the BeMIM infants did not show indications of saturation kinetics.
Only four infants had Ile concentrations above the previously reported breakpoint concentra-
tion of 136 μmol/L, and only two infants had Leu concentrations above the previously reported
breakpoint concentration of 234 μmol/L [9]. This is likely due to the fact that the protein con-
tent of the BeMIM control formula was lower (2.2 g/100 kcal) than the high protein formula
studied by Kirchberg et al. [9] (infant formula 2.9 g/100 kcal, follow-on formula 4.4 g/100
kcal).
Metabolic parameters associated with early growth
In the BeMIM study, plasma metabolite concentrations at 4 months of age did not show any
relation to anthropometry at 4 months or 4 years of age. No long-term effects of measured
metabolite concentrations on anthropometry at 4 years of age were found. This is in contrast
to Rzehak et al. [10], who identified lysophosphatidylcholine LPCaC14:0 at 6 months of age as
being a significantly related risk of overweight or obesity at 6 years of age.
Table 4. Associations between metabolites and change in weight and BMI z-score from 1 month to 4 months with and without adjustment for feeding group.
Without adjustment for feeding group With adjustment for feeding group
Regression coefficient (95% CI) p-value Regression coefficient (95% CI) p-value
Metabolites related to change in weight
PCaec38:4 -0.044 (-0.065,-0.023) 0.0001 -0.045 (-0.071,-0.018) 0.001
PCaec40:4 -0.327 (-0.502,-0.152) 0.0003 -0.303 (-0.512,-0.094) 0.005
PCaec40:5 -0.196 (-0.293,-0.099) 0.0001 -0.193 (-0.312,-0.074) 0.002
Free carnitine 0.021 (0.010,0.031) 0.0002 0.019 (0.008,0.029) 0.0009
Asn 0.017 (0.010,0.024) <0.0001 0.016 (0.008,0.024) 0.0001
Ile 0.009 (0.004,0.013) 0.0001 0.008 (0.004,0.013) 0.0005
Leu 0.005 (0.002,0.007) 0.0001 0.004 (0.002,0.007) 0.0007
Lys 0.004 (0.003,0.006) <0.0001 0.004 (0.002,0.006) <0.0001
Met 0.023 (0.012,0.033) <0.0001 0.022 (0.010,0.033) 0.0002
Phe 0.015 (0.009,0.021) <0.0001 0.014 (0.008,0.020) <0.0001
Trp 0.017 (0.010,0.024) <0.0001 0.017 (0.010,0.024) <0.0001
Tyr 0.010 (0.007,0.014) <0.0001 0.010 (0.006,0.014) <0.0001
Metabolites related to change in BMI
Lys 0.005 (0.002,0.007) 0.0003 0.005 (0.002,0.007) 0.0006
Phe 0.015 (0.007,0.023) 0.0003 0.014 (0.006,0.023) 0.0009
Tyr 0.010 (0.005,0.015) 0.0002 0.010 (0.005,0.015) 0.0003
Only metabolites significantly related to weight-for-age/BMI-for-age z-score change resulting from the unadjusted linear regression model are listed.
https://doi.org/10.1371/journal.pone.0199859.t004
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In respect to short-term effects of metabolite concentrations on anthropometry, Rzehak et al.
2014 [10] reported relations between 19 different metabolites at 6 months of age and change in
weight-for-age z-score from birth to 6 months of age. We tried to replicate these findings in the
BeMIM infants that differed only slightly in age (BeMIM cohort was 2 months younger).
In the BeMIM study, a total of 12 metabolites (8 amino acids, free carnitine, 3 phosphatidyl-
cholines) were identified to show significant associations between infant weight or BMI z-
score change from 1 to 4 months of age. These associations might primarily be attributed to
the difference between breastfed and formula-fed infants.
The association of 8 plasma amino acids (Asn, Ile, Leu, Lys, Met, Phe, Trp, Tyr) and their
relationship to growth might be explained by the higher protein intake and higher growth
rates of formula-fed infants compared to breastfed infants. Data from previous studies indicate
that a higher amino acid and energy intake in formula-fed infants is associated with higher
infant growth velocities [7] [22]. Especially branched-chain amino acids, aromatic amino
acids, and also Lys are thought to contribute to the change in weight and BMI via stimulating
the secretion of insulin [14,23,24].
Plasma carnitine levels in study subjects were within published reference values (31 to 61
nmol/mL) [25]. Plasma carnitine derives from exogenous sources like human milk or cow’s
milk-based infant formula, or can be synthesized endogenously from the amino acid precur-
sors Lys and Met [25]. The carnitine supply from cow’s milk-based infant formula is compara-
ble or slightly higher compared to that of human milk [26]. High bioavailability of dietary
carnitine in infant diets and a balanced protein supply are important to ensure adequate carni-
tine status, as the endogenous production of carnitine alone is considered insufficient to sup-
port stable plasma free carnitine concentration in infancy [25].
Rzehak et al. 2014 reported that phosphatidylcholines PCaec38:4, Pcaec40:4, Pcaec40:5 are
inversely related to weight change up to 6 months of age [10], but did not identify a potential
underlying mechanism.
In the BeMIM cohort, Asn, Lys, Met, Phe, Trp and Tyr were significantly associated with
change in weight-for-age z-score between 1 and 4 months of age after adjustment for feeding
group. Of these amino acids, only Tyr was associated with change in BMI-for-age z-score. The
change in BMI-for-age z-score might be an indicator of later obesity [6]. In obese children,
plasma Tyr concentrations are positively associated with homeostasis model assessment
(HOMA), which might be explained by the effect of insulin on Tyr amino transferase activity
[27]. Elevated Tyr levels might be used as an early biomarker for metabolic syndrome in
young adults [28], while long-term effects of Tyr on insulin resistance and related metabolism
and obesity require further clarification.
Limitations
One limitation of the BeMIM FU was that the sample size was calculated to detect a difference
in growth during the first 4 months (main study), but not for the FU outcomes measured at 4
years of age. However, the follow-up rate between 4 months and 4 years of age was about
72.3% (IF 76.5%, CF 72.0, BF 68.5%). Furthermore, recent findings indicate that the FU time
point at 4 years of age might be in a phase of slow growth followed by an adiposity rebound
[29]. Consequently, findings might differ when looking at growth during an even later period.
Conclusions
In contrast to previous evidence indicating that early protein intake and weight gain have an
impact on later obesity risk [22], results of the current study do not indicate long-term effects
of early diet and growth on anthropometry at 4 years of age. The 4-year FU of the BeMIM
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study showed that the administration of a new formula with a lower protein content, a higher
content of alpha-lactalbumin enriched whey and containing LC-PUFA does not produce mea-
surable growth differences in children compared with children receiving a standard protein
content formula during the first 4 months of life.
Ethical standards
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Supporting information
S1 Checklist. CONSORT 2010 checklist.
(PDF)
S1 Table. Baseline characteristics (intention-to-treat population) of follow-up infants.
(DOCX)
S2 Table. Anthropometry and body composition at 4 years of age (per-protocol popula-
tion).
(DOCX)
S3 Table. Amino acid, fatty acid and micronutrient composition of study formulae.
(DOCX)
S1 Protocol. Study protocol plus amendments.
(PDF)
Acknowledgments
This work was presented at the 49th Annual Meeting of ESPGHAN, Athens, May 2016.
Author Contributions
Conceptualization: Manja Fleddermann, Hans Demmelmair, Tatjana Nikolic, Berthold
Koletzko.
Data curation: Manja Fleddermann.
Formal analysis: Manja Fleddermann.
Investigation: Branka Trisic, Tatjana Nikolic, Berthold Koletzko.
Methodology: Manja Fleddermann, Hans Demmelmair, Christian Hellmuth, Veit Grote.
Project administration: Branka Trisic, Berthold Koletzko.
Resources: Berthold Koletzko.
Supervision: Berthold Koletzko.
Validation: Manja Fleddermann, Hans Demmelmair.
Writing – original draft: Manja Fleddermann.
Formula intake during infancy and anthropometry at 4 years
PLOS ONE | https://doi.org/10.1371/journal.pone.0199859 July 5, 2018 12 / 14
Writing – review & editing: Manja Fleddermann, Hans Demmelmair, Christian Hellmuth,
Veit Grote, Berthold Koletzko.
References
1. Michaelsen KF, Larnkjaer A, Molgaard C (2012) Amount and quality of dietary proteins during the first
two years of life in relation to NCD risk in adulthood. Nutr Metab Cardiovasc Dis 22: 781–786. https://
doi.org/10.1016/j.numecd.2012.03.014 PMID: 22770749
2. Monteiro PO, Victora CG (2005) Rapid growth in infancy and childhood and obesity in later life—a sys-
tematic review. Obes Rev 6: 143–154. https://doi.org/10.1111/j.1467-789X.2005.00183.x PMID:
15836465
3. Ong KK, Loos RJ (2006) Rapid infancy weight gain and subsequent obesity: systematic reviews and
hopeful suggestions. Acta Paediatr 95: 904–908. https://doi.org/10.1080/08035250600719754 PMID:
16882560
4. Baird J, Fisher D, Lucas P, Kleijnen J, Roberts H, Law C (2005) Being big or growing fast: systematic
review of size and growth in infancy and later obesity. Bmj 331: 14.
5. Young BE, Johnson SL, Krebs NF (2012) Biological determinants linking infant weight gain and child
obesity: current knowledge and future directions. Adv Nutr 3: 675–686. https://doi.org/10.3945/an.112.
002238 PMID: 22983846
6. Weber M, Grote V, Closa-Monasterolo R, Escribano J, Langhendries JP, Dain E, et al. (2014) Lower
protein content in infant formula reduces BMI and obesity risk at school age: follow-up of a randomized
trial. Am J Clin Nutr 99: 1041–1051. https://doi.org/10.3945/ajcn.113.064071 PMID: 24622805
7. Koletzko B, von Kries R, Closa R, Escribano J, Scaglioni S, Giovannini M, et al. (2009) Lower protein in
infant formula is associated with lower weight up to age 2 y: a randomized clinical trial. Am J Clin Nutr
89: 1836–1845. https://doi.org/10.3945/ajcn.2008.27091 PMID: 19386747
8. Escribano J, Luque V, Ferre N, Mendez-Riera G, Koletzko B, Grote V, et al. (2012) Effect of protein
intake and weight gain velocity on body fat mass at 6 months of age: the EU Childhood Obesity Pro-
gramme. Int J Obes 36: 548–553.
9. Kirchberg FF, Harder U, Weber M, Grote V, Demmelmair H, Peissner W, et al. (2015) Dietary protein
intake affects amino acid and acylcarnitine metabolism in infants aged 6 months. J Clin Endocrinol
Metab 100: 149–158. https://doi.org/10.1210/jc.2014-3157 PMID: 25368978
10. Rzehak P, Hellmuth C, Uhl O, Kirchberg FF, Peissner W, Harder U, et al. (2014) Rapid growth and
childhood obesity are strongly associated with lysoPC(14:0). Ann Nutr Metab 64: 294–303. https://doi.
org/10.1159/000365037 PMID: 25300273
11. Fleddermann M, Demmelmair H, Grote V, Nikolic T, Trisic B, Koletzko B (2014) Infant formula composi-
tion affects energetic efficiency for growth: the BeMIM study, a randomized controlled trial. Clin Nutr
33: 588–595. https://doi.org/10.1016/j.clnu.2013.12.007 PMID: 24411489
12. World Health Organization. WHO child growth standards: length/height-for-age, weight-for-age, weight-
for-length, weight-for-height and body mass index-for-age: Methods and development. Geneva, 2006.
13. Slaughter MH, Lohman TG, Boileau RA, Horswill CA, Stillman RJ, Van Loan MD, et al. (1988) Skinfold
equations for estimation of body fatness in children and youth. Hum Biol 60: 709–723. PMID: 3224965
14. Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, et al. (2009) A branched-chain
amino acid-related metabolic signature that differentiates obese and lean humans and contributes to
insulin resistance. Cell Metab 9: 311–326. https://doi.org/10.1016/j.cmet.2009.02.002 PMID:
19356713
15. Fleddermann M, Demmelmair H, Grote V, Bidlingmaier M, Grimminger P, Bielohuby M, et al. (2015)
Role of selected amino acids on plasma IGF-I concentration in infants. Eur J Nutr 30: 30.
16. Stojanovic D, Belojevic G (2009) Prevalence of obesity among children aged 6–7 years in South-East
Serbia. Obes Rev 10: 262–264. https://doi.org/10.1111/j.1467-789X.2009.00574.x PMID: 19389057
17. Orta Duarte M, Flores Ruelas Y, Lopez-Alcaraz F, del Toro-Equihua M, Sanchez-Ramirez CA (2014)
Correlation between percentage of body fat measured by the Slaughter equation and bio impedance
analysis technique in Mexican schoolchildren. Nutr Hosp 29: 88–93. https://doi.org/10.3305/nh.2014.
29.1.6992 PMID: 24483966
18. Patro-Golab B, Zalewski BM, Kouwenhoven SM, Karas J, Koletzko B, Bernard van Goudoever J, et al.
(2016) Protein Concentration in Milk Formula, Growth, and Later Risk of Obesity: A Systematic Review.
J Nutr 146: 551–564. https://doi.org/10.3945/jn.115.223651 PMID: 26865649
19. Putet G, Labaune JM, Mace K, Steenhout P, Grathwohl D, Raverot V, et al. (2016) Effect of dietary pro-
tein on plasma insulin-like growth factor-1, growth, and body composition in healthy term infants: a
Formula intake during infancy and anthropometry at 4 years
PLOS ONE | https://doi.org/10.1371/journal.pone.0199859 July 5, 2018 13 / 14
randomised, double-blind, controlled trial (Early Protein and Obesity in Childhood (EPOCH) study). Br J
Nutr 115: 271–284. https://doi.org/10.1017/S0007114515004456 PMID: 26586096
20. Bene J, Komlosi K, Melegh BI, Decsi T, Koletzko B, Sauerwald U (2013) Differences in circulating carni-
tine status of preterm infants fed fortified human milk or preterm infant formula. J Pediatr Gastroenterol
Nutr 57: 673–676. https://doi.org/10.1097/MPG.0b013e31829fad06 PMID: 23783025
21. Manders RJ, Little JP, Forbes SC, Candow DG (2012) Insulinotropic and muscle protein synthetic
effects of branched-chain amino acids: potential therapy for type 2 diabetes and sarcopenia. Nutrients
4: 1664–1678. https://doi.org/10.3390/nu4111664 PMID: 23201839
22. Michaelsen KF, Greer FR (2014) Protein needs early in life and long-term health. Am J Clin Nutr 99: 22.
23. Ho JE, Larson MG, Ghorbani A, Cheng S, Chen MH, Keyes M, et al. (2016) Metabolomic Profiles of
Body Mass Index in the Framingham Heart Study Reveal Distinct Cardiometabolic Phenotypes. PLoS
One 11.
24. Braun KV, Erler NS, Kiefte-de Jong JC, Jaddoe VW, van den Hooven EH, Franco OH, et al. (2016) Die-
tary Intake of Protein in Early Childhood Is Associated with Growth Trajectories between 1 and 9 Years
of Age. J Nutr 146: 2361–2367. https://doi.org/10.3945/jn.116.237164 PMID: 27733529
25. Crill CM, Helms RA (2007) The use of carnitine in pediatric nutrition. Nutr Clin Pract 22: 204–213.
https://doi.org/10.1177/0115426507022002204 PMID: 17374794
26. Penn D, Dolderer M, Schmidt-Sommerfeld E (1987) Carnitine concentrations in the milk of different spe-
cies and infant formulas. Biol Neonate 52: 70–79. https://doi.org/10.1159/000242686 PMID: 3651516
27. Wurtz P, Soininen P, Kangas AJ, Ronnemaa T, Lehtimaki T, Kahonen M, et al. (2013) Branched-chain
and aromatic amino acids are predictors of insulin resistance in young adults. Diabetes Care 36: 648–
655. https://doi.org/10.2337/dc12-0895 PMID: 23129134
28. Hellmuth C, Kirchberg FF, Lass N, Harder U, Peissner W, Koletzko B, et al. (2016) Tyrosine Is Associ-
ated with Insulin Resistance in Longitudinal Metabolomic Profiling of Obese Children. J Diabetes Res
2108909: 21.
29. Rolland-Cachera MF, Peneau S (2013) Growth trajectories associated with adult obesity. World Rev
Nutr Diet 106: 127–134. https://doi.org/10.1159/000342564 PMID: 23428691
Formula intake during infancy and anthropometry at 4 years
PLOS ONE | https://doi.org/10.1371/journal.pone.0199859 July 5, 2018 14 / 14
